[1] Drag coefficient C 10 is one of the main characteristics used for calculation of surface stress based on mean wind speed U 10 . Most of the dependences employ the sea drag as a function of this wind speed. It has been proposed, however, that for a given wind speed C 10 can depend on a number of other properties in the air-sea system. In the present paper, dependence of the drag coefficient on the directional spreading of surface waves is studied numerically. It is shown that such dependence can be significant. For a given wind speed, the sea drag can grow as much as 25% depending on the width of directional spectrum. The highest drag corresponds to the narrowest spectra, and for very narrow directional distribution it saturates. The largest impact of the sea-drag directional dependence is observed for the highest winds. Accounting for the directional spread of surface waves is therefore essential to improve parameterizations of C 10 .
Introduction
[2] Coupling between the atmospheric boundary layer and the ocean surface is usually parameterized in terms of the drag coefficient C 10 t ¼ r a u 2 * ¼ r a C 10 U 2 10 ð1Þ where t is the wind stress at the ocean surface, r a is the air density, U 10 is the wind speed measured at standard 10 m height and u * is the friction velocity. Routinely, C 10 is parameterized as a function of mean wind speed U 10 , but the scatter of experimental data around such parametric dependences is very significant and has not improved noticeably over some 30 years. This scatter imposes a serious limitation on predictions that make use of seasurface-drag parameterizations.
[3] Babanin and Makin [2008] suggested that, apart from the wind speed, C 10 depends on a number of other physical properties and phenomena, whose effect on the sea drag should be investigated and incorporated in the final parameterization in order to reduce the scatter. These properties include, among possible others, the directional spreading of the surface waves. The aim of the present study is to investigate the drag coefficient as a function of such angular spreading.
[4] This will be first done by means of numerical modeling with the Wave Boundary Layer Model (WBLM) [Chalikov and Rainchik, 2011] (hereinafter referred to as CR). Results of the two-dimensional (2-D) coupled modeling of boundary layer and sea waves allowed us to derive 1-D WBLM, which accommodates momentum flux produced by all waves represented by wave spectrum. The current approach advances previous linear 1-D models of WBL [Chalikov, 1995; Makin and Kudryavtsev, 1999] by employing the wind-wave interactions directly: the wave stress produced by waves is calculated directly by using b-function whose form was established by the twodimensional CR model up to very high frequencies. The remaining part of the momentum flux to the surface is transferred by molecular viscosity at very small scales. The CR model is used here for extensive calculations of WBL structure in order to investigate dependence of the drag coefficient on wind speed for different directional wave spectra. The results will then be compared with the field measurements conducted during the Lake George experiment Babanin and Makin, 2008] . velocity u, kinetic energy of turbulence e and rate of its dissipation ɛ:
where K = c K e 2 /ɛ is the coefficient of the turbulent viscosity and diffusion coefficients K e and K ɛ are proportional to the coefficient of the turbulent viscosity, i.e., K e = K/c e and K ɛ = K/c ɛ . In accordance with CR, coefficients are c e = c ɛ =1, c 4 = (c 1 À c 2 )k À2 c 3 À1 , c 1 = 3.7, c 2 = 1.92 c 3 = 1.3, and k = 0.41 is the von Karman constant. P is the rate of production of the turbulent kinetic energy
where t w is the flux of momentum produced by the waveinduced fluctuations of velocity, stresses and pressure. According to CR, t w can be calculated by integration of the wave-produced momentum flux (WPMF) spectral constituencies
where k(w r ) is the highest wave number (corresponding to the highest radian frequency w r through dispersion relationship),w ¼ w=w p is frequency relative to peak frequency w p . The flux is calculated over a broad range of relative frequency w/w p and wind-forcing. Gw ð Þ is defined by
and Fourier components of WPMF on the surface t w k are defined through the following expression:
where b Àk is defined by CR (equation (66a)),
where the numerical parameters are W 0 = 0. 
Þcosq=g is the apparent frequency which also characterizes the find forcing. S(k)Dk = 0.5(h k 2 + h Àk 2 ), S(k) is wave number spectrum, h k and h Àk are real and imaginary Fourier coefficients. Also, u(l k /2) is wind speed defined at height z = l k /2, where l k = 2p/k. Values of u(l k /2) were calculated using the log linear interpolation from u(z) profiles. For low wave number modes, height z = l k /2 often exceeds WBL height H a , and the value of u(l k /2) was then calculated using the log linear extrapolation (this is for w < w p only).
[6] At the upper boundary z = 10 m, the following properties are assigned: the wind velocity is U 10 ; the rate of production of energy of turbulence P H is
(v* = t 1/2 is the external friction velocity at z = H a and t is total stress); the energy of turbulence e and the rate of dissipation assume the following values:
Vertical diffusion of the turbulent energy K e (∂ e/∂ z) = 0 at z = 0, as well as at the upper boundary of the domain z = H a . Vertical diffusion of the dissipation rate at z = 0 and at z = H a is, respectively:
where n s0 = t 0t 1/2 is the local tangential friction velocity defined by the local turbulent tangential stress at the interface t 0t , z 1 is the thickness of the lowest layer.
[7] Advantage of 1-D model is that it much simpler than 2-D model. Therefore, the wave spectrum can be extended up to very high wave numbers. The highest wave number w r is limited by the upper bounds of the dimensionless frequencyW ¼ AE50 in the approximation for function b given in CR. It was assumed that at the horizontal scales of the order of the resolution limit g/w r 2 , sea surface can be considered as a smooth surface, so the local roughness parameter z 0l can be taken in the form [Monin and Yaglom, 1971] 
where n = 0.15 Â 10 À4 m 2 s À1 is molecular kinematic viscosity, v 0z = t 0 1/2 is the local friction velocity, and t 0 is the local tangential stress defined by velocity at the water surface u 0 , with use of the drag coefficient
2 , where the thickness of the lowest level Dz 1 is equal to 2z n (z n = 60n/v * is the height of the viscous sub-layer):
and u 1 is velocity at the lowest level in the air.
[8] The numerical solution for (2)- (8) was obtained using the second-order scheme at stretched grid with stretching coefficient g = 1.07, and the explicit time scheme. The explicit scheme requires very small time steps of Dt $ 10 À3 estimated through the following relation:
but for extensive calculations semi-implicit scheme is more appropriate. For stationary solution, condition t z = K ∂u/ ∂z + t w = t must be satisfied over the entire WBL. Criterion for reaching the stationary solution was taken in the following form:
In CR, the problem of mutual adjustment of the wave spectrum and the wind was solved. In the current work, the wind velocity U 10 and wave spectrum were fixed, and therefore the vertical profile of wind and components of the stress K ∂u/∂z and t w were calculated.
Wave Spectrum
[9] The JONSWAP formulation was chosen as the 1-D spectrum F(w), and the 2-D spectrum F(w, q) was presented in traditional way:
where y(w, q) is the directional function. It is convenient to represent it in the form
where A is a normalizing factor
and K(w, q) is a normalized directional spectrum Soloviev, 1987, 1998 ].
[10] For example, directional function can be used in the form suggested by Longuet-Higgins et al. [1963] :
where q o is the main direction of wave propagation. Parameter s, in general, depends on frequency [e.g., Donelan et al., 1985; Soloviev, 1987, 1998 ] and there is analytical connection between A and s:
This relation can be replaced by a convenient approximation
The integral width A in (18) does not rely on any choice of the fitting function, and can be applicable even to bimodal or other complex-shape directional distributions. In further analysis the angular distribution (21) and approximation (23) will be used. Higher values of both s and A signify narrower directional wave spectra.
[11] At present, function y(w, q) is not known with sufficient accuracy. Theoretical considerations give contradicting results, and the experimental investigation of directional function is also difficult, since this should be based on simultaneous multipoint sea level measurements. Soloviev [1987, 1998 ] produced such parameterization in terms of the inverse directional spectral width Aw; W ð Þand here it was used for comparisons of our numerical simulations with the field (W here is an analogue ofW above, for the 10 m wind speed U 10 ).
[12] Experimental estimates of the sea drag come from the Lake George field experiment which is well documented in literature Young and Babanin, 2006; Babanin and Makin, 2008] . Here, we will only mention that wave and wind properties were recorded synchronously, the waves by means of a directional wave array [see also Young, 2010] and the wind by a set of instrumentation in the atmospheric boundary layer and directly in WBL. The wind measurements were such that they intentionally allowed multiple redundant ways of estimating the sea drag, i.e., by means of the anemometer mast which recorded the wind profiles at six elevations between the water surface and 10 m height, by means of the sonic anemometer which measured three-dimensional turbulent fluxes at high-sampling rate [Babanin and Makin, 2008] , and by means of near-surface wave-following pressure and velocity probes which were sensing the spectral distribution of the wind input [Donelan et al., , 2006 Babanin et al., 2007] . Other relevant properties at the air-sea interface and above, which could affect the surface roughness and wind profile and therefore the sea drag, such as wave breaking, wind gustiness, temperature stratification were also recorded [Babanin et al., 2001 [Babanin et al., , 2007 Young et al., 2005] .
[13] For the analysis, were used 13 series of the wavearray measurements, at different wind speeds from 5 to 20 m/s corresponding to inverse wave ages 1.9 < U 10 /c p < 4.7. The wave spectra, normalized by their maximum value, are represented in Figure 1a as a function of relative frequency w/w p . As seen the spectra show close similarity, though they all refer to different wind speeds and wave ages. The data on function A have considerable scatter, and there was no significant correlation of function A with wind speed and wave age for this set. However, if plotted against relative frequency w/w p (Figure 1b) , functions for A (solid curve) exhibits clear similarities. Such dependence is typically more robust than dependence on wave age [e.g., Donelan et al., 1985] . Peaks of functions A fall close to the value w/w p = 1.15, i.e., a little higher than the wave spectrum peak. Larger value of function A close to the spectral peak indicates narrower angle distribution in the vicinity of this peak. At low frequencies the function A definitely approaches (2p) À1 which corresponds to isotropy. This fact is not important here since the wave energy in this range is negligible. It is interesting that at high frequencies the function A definitely approaches p À1 , which level corresponds to a uniform directional distribution in interval (Àp/2, p/2).
[14] Scatter of function A (whose variance is indicated by dashed lines and the entire interval of variability by dotted line) is large enough. Experimental results, in this regard, depend also on a method of processing or array measurements [Babanin et al., 2010] . The Donelan and Drennan [1996] algorithm gives, for example, larger values of function A, but qualitative dependence on w/w p remains similar to that shown in Figure 1b . Dependence of such type can be approximated by relation
where parameter A m is equal to the maximum value of function A at w = w 1 = 1.15, and a is the second parameter which was parameterized as a = 0.12 + 0.16A m . The family of curves Aw ð Þfor values of A m = 0.50, 0.75, 1.00, 1.25, 1.50 and 1.75 are drawn in Figure 1c . Corresponding functions sw ð Þ are given in Figure 1d .
Results of Calculations With 1-D WBLM
[15] The wave stress above sea (equation (6)) is composed of wave drags created by all moving waves. The 2-D and 1-D spectra of momentum flux T w
are shown in Figures 2 and 3 . The most specific feature is that momentum flux extends far to high frequencies, and therefore the integral momentum flux Tw ð Þ, defined by expression
attenuates very slowly with growth of frequency. Fourier components of the momentum flux can be calculated with (25), but it was until recently impossible, since function b was not known up to such high frequencies. This function up to frequencyW ¼ 40 was investigated by CR for the first time (see CR, equations (66a) and (66b) and Figure 7 ). Their data on the b function exhibit broad scatter, but since the volume of data is very large (about 1,400,000 points), shape of the b function was defined with good accuracy up to high nondimensional frequencies (see CR, equations (66a) and Figure 2 . Two-dimensional spectra: wave spectrum F(w, q), spectrum of momentum flux to waves T w (w, q), and spectrum of energy flux to waves E(w, q). (66b) and Figure 7 ). As seen in Figure 3 , function Tw ð Þ continues to grow with frequency. It does not, however approach total momentum flux outside WBL. This fact indicates that some part of the momentum is still transferred to the water, through molecular friction at smooth areas of the water surface or through very short waves which play a role of roughness elements.
[16] Unlike the stress, the integrated energy flux comes to saturation relatively quickly (E w in Figure 2 ) and dotted curve in Figure 3 . This difference in rates of convergence can be explained very simply: to obtain a Fourier component of momentum flux the spectrum should be multiplied by wave number and for calculation of that for energy flux the spectrum is multiplied by frequency.
[17] Dependence of drag coefficient on the direction spreading, which is here characterized by parameter A m , and on wind speed and inverse wave age W = U 10 /c p is shown in Figure 4 . Range of A m = 0.5 À 1.5 corresponds to the typical observed range of the directional spreading of dominant waves [Babanin and Soloviev, 1998 ].
[18] Figure 4 is the main result of the present paper. Apparent dependence of the drag on wind speed and wave age is known and expected (see, e.g., Babanin and Makin [2008] for discussions). Dependence of the sea drag on the directional spectrum shown here is new and previously unknown. It is essential, and for the same wind speed and at the same waves age, depending on the wave angular spreading, the drag coefficient can increase by almost a quarter. This dependence tends to saturate as the directional spectra become narrower (A m ≈ 1.8 corresponds to the narrowest directional spreading of dominant waves observed by Babanin and Soloviev [1998] ).
[19] As seen, influence of the angular spreading increases with increase of wind-forcing U/c p . For example, for U 10 / c p = 5 and U 10 = 25, the drag coefficient grows about 25% between A m = 0.6 to A m = 1.5. Figure 3 . One-dimensional spectra, obtained by integration of 2-D spectra F(w, q), T w (w, q), E(w, q) over angle: wave spectrum (curve a), integrated over interval (0, w) spectrum of momentum flux to waves (curve b), and integrated over interval (0, w) spectrum of energy flux to waves (curve c). [20] Measurements of the drag coefficient conducted in the Lake George experiment were used for comparisons of observed drag coefficient with the WBLM numerical simulations. The observations apparently do not cover the necessary range of wind velocity U 10 , wave spectrum S(w) and function A(w) uniformly. Therefore they were appropriately grouped, within ranges available, and comparisons are given in Figure 5 . As seen, the agreement is qualitatively reasonable, but observational drag coefficient has a large scatter which makes direct quantitative comparisons difficult. Some of the measured values deviate significantly, which may be due to reasons not simulated in WBLM, such as wind gustiness [Babanin and Makin, 2008] , relative humidity (A. Toffoli et al., On the dependence of sea drag on relative humidity, submitted to Journal of Geophysical Research, 2012), among others [see Babanin and Makin, 2008] .
[21] We note that the irremovable scatter of data on drag coefficient is typical for any types of measurements. It would be incorrect to treat these data as measurements error. Such types of effects were first discovered in experimental investigation of surface layer conducted at the A. M. Obukhov Institute of Atmospheric Physics (Moscow) [see, e.g., Kukharets and Tsvang, 1998 ]. The variation of drag coefficient and heat exchange coefficient can be, for instance, due to horizontal inhomogeneity and non-stationarity. It was noticed, for example, that contrary to basic assumption of surface layer theory the turbulent stress is often not a constant over height. From a scale analysis of equation of motion it can be obtained:
where Dt is a vertical variation of stress in height range z, U is a wind velocity, and DU is a variation of wind velocity at horizontal scale L. Variation ΔU can be represented through gustiness coefficient G in the form DU = GU [Babanin and Makin, 2008] . Equation (27) takes the form
where C is a typical value of drag coefficient. If C ≈ 2 Â 10 À3 , G = 0.2 and z/L ≈ 10 3 , relative variation Dt/t can reach such large value as 0.4. In this case the measured variation of drag coefficient can be of order of its value. So the value of drag coefficients depends on wind variability not only through local fluctuation of wind velocity but also on distortion of marine layer structure by the momentum advection process. The theoretical models usually assume the horizontal homogeneity and stationarity. It is why they give the smooth results as those shown in Figure 5 . Evidently, these effects reduce with increasing the area of averaging. This is why, for the atmospheric and ocean modeling, further investigations of drag, heat and vapor exchanges can reduce the systematic errors of calculations of turbulent fluxes.
Conclusion and Discussion
[22] In conclusion, we should say again that the wind speed is not the only a parameter which the sea drag coefficient depends on, wave feedbacks are essential. In particular, in this paper dependence of C 10 on the directional spreading of surface waves was investigated. It is shown that this coefficient increases with higher directional widths and stronger wind-forcing. Influence of the wave directional spectrum on the sea drag was analyzed for the first time, and it is significant. Comparison shows that the WBL Model and Lake George field experimental data are in reasonable qualitative agreement. It should be commented that any model, even the most sophisticated, is only an approximation of the reality. In case of modeling the sea drag, however, comparison of the model and nature is further complicated by the multiple influences in the boundary layer and on the ocean surface, which moderate the surface fluxes or even disrupt the constant-layer physics and cannot all be accommodated in the model.
[23] Accounting for the directional spread is therefore essential to predict the sea drag accurately and to improve parameterizations of C 10 . It is apparent that scatter of existing parameterizations cannot be reduced by increasing measurement accuracy; it needs understanding and parameterizing multiple physical influences, including the wave directionality. In a broader context, such dependence indicates a need to couple large-scale air-sea interaction models, which use the drag coefficient to describe the momentum flux across the ocean interface, with wave modeling. At the very least, the directional-spread effect can be accounted for through parameterizations of the wave properties in terms of wind speeds generated in the large-scale models.
